The one-neutron removal cross sections of neutron-rich Al isotopes and longitudinal momentum distributions of the residues have been measured for A = 33 to 36 at relativistic energies (≈900 MeV/u). The inclusive data have been interpreted within the eikonal approximation. The evolution of the single-particle occupancy in the ground state of 33, 34, 35 Al has been studied and compared with shell model predictions. The inferred 2s 1/2 neutron occupancy in the 33 Al ground-state wave function is 20% to 40% lower than the predicted one. The inclusive data do not exclude the presence of intruder states. Some intruder l = 1 occupancy is found in 34 Al, similarly to 33 Mg. The single-particle 1f 7/2 occupancy shows a gradual increase at N = 22. Correspondingly, a decrease of the 1d 3/2 strength has been observed.
I. INTRODUCTION
A highly interesting topic of modern nuclear structure research is to explore the evolution of the nuclear shell model far from the valley of β stability. The nuclear shell model, being so successful for stable nuclei, relies on the prevalence of a static nuclear potential and the dominance of mean-field dynamics. It is an open question as to what extent that concept is still valid in nuclei with large proton-neutron asymmetry. With this work we intend to contribute to this central question by an experimental study of neutron-rich Al isotopes in the mass region A = 33 to 36. The structure of nuclei in this region, commonly referred as the island of inversion [1] , has been extensively studied since the seventies because of the anomalous breakdown of the N = 20 shell closure observed initially in the Na and Mg isotopes [2, 3] . In the case of Ne, Na, and Mg, a clear anomaly appears in the two-neutron separation energy (S 2n ) around N = 20, signaling shell closure breaking (see reviews [4, 5] ). On the other hand, the experimental S 2n of the Al isotopes do not show anomalies and are perfectly reproduced by large-scale shell model calculations involving the full sd proton shell and the pf neutron shell [6] as valence space.
Monte Carlo shell model calculations performed for the N = 20 isotones with 8 < Z < 20 predict successfully the strengthening of the N = 20 gap with increasing proton number [7] . However, a direct measurement of the weakness of the N = 20 shell closure appears very difficult at lower Z (e.g., 28 O is particle unbound [8] ). On the contrary, the neutron-rich Al isotopes around N = 20, located in a transition region between the spherical shell of Si nuclei and the deformed Mg isotopes, are easier to access experimentally. The ground-state structure of 33 Al was first investigated by measuring the β-decay half-life and the γ -ray spectrum obtained from 33 Mg [9] . Comparisons between the experimental and theoretical β decay on one side and the β-delayed neutron-emission branching ratios on the other side left 33 Al outside the island of inversion [10] . Recent magnetic moment measurements performed on the 33, 34 Al isotopes [11, 12] have shown large discrepancies with shell model predictions in the sd and sdpf model spaces. Such discrepancies have been interpreted as an indication of the non-negligible presence of intruder configurations in the 33 Al and 34 Al ground-state wave functions. At N = 20 and Z = 11, 12 the experimental g factors were already found to deviate strongly from the sd shell model predictions. Particle-hole excitations recognized as intruder states have been also found in excited states of 32 Al at around 1 MeV and of 33 Al at 730 keV [13, 14] . Thus, a possible extension of a deformed region beyond Z = 12 has been considered.
The first spectroscopic study of nucleus 33 Ne has been reported, showing the extension of the island of inversion to at least N = 22 for the Ne isotopes [15] . For the odd-mass Al isotopes (N = 20, 22), information on the occupied orbitals of the unpaired neutron can be extracted on the basis of shell model predictions. Precise g-factor measurements were found to be very sensitive to the isospin and strongly influenced by the presence of intruder states. An admixture of at least 25% neutron 2p-2h intruder states has been suggested in the ground-state wave function of 33 Al [11] . The measurement of the 33 Al quadrupole moment has recently suggested a presence of intruder states at a level higher than 60% [16] . It was also suggested that the neutron occupancy of the 2p 3/2 orbital for the Mg isotopes is larger at N = 21 than N = 20 [17] . In order to achieve better agreement with the data, a lowering of the 2p 3/2 level by 1 MeV was proposed.
For the even-mass Al isotopes (N = 21, 23) due to the presence of an unpaired 1d 5/2 proton an influence of core polarization effects is expected [11] . A large admixture of intruder states of at least 50% has been deduced in order to obtain a better agreement between the experimental g-factor values and the SDPF-M shell model prediction. In order to reproduce the measured magnetic moment of 34 Al, mixed configurations involving the 1d 5/2 proton were also assumed. A significant improvement was achieved by using a modified version of the SDPF-M interaction with an N = 28 gap modified to reproduce the excitation energy of the 3/2 − state in 35 Si [12, 18] . As a consequence, the energy of the 2p 3/2 orbital was decreased by 0.5 MeV with respect to the original spdf orbital. Recently, the discovery of the shape coexisting 0 + state in 32 Mg at 1058 keV by a two-neutron transfer reaction has underlined how the SDPF-M effective interaction underestimates the p 3/2 component in the 32 Mg ground-state wave function [19] . Only β-decay studies have been done at Z = 13 and N = 22, 23. Information on the 35 Al excited states is missing. Shell model calculations predict for the 36 Al ground state a value I π = 4 − , as in 34 Al. New experimental inputs are therefore needed.
Single-neutron removal reactions in inverse kinematics with heavy ions at high energies are known to provide specific information on the single-particle occupancy and correlation effects in nuclei, especially toward the drip lines (see reviews [4, 20, 21] ). In order to study the single-particle mixing for N = 20 to 22 in the Al isotopes, we measured the longitudinal momentum distributions of the 32, 33, 34, 35 Al fragments from one-neutron removal reactions at around 900 MeV/u and the corresponding cross sections. The momentum distribution analysis has been performed in the eikonal framework. This paper is organized as follows: in Sec. II the experimental method and our data are presented; the momentum distribution analysis is described in Sec. III, where the results are compared with the theoretical model; the inferred singleparticle neutron occupancies are given in Sec. IV; conclusions are summarized in the last section.
II. EXPERIMENTAL TECHNIQUE AND RESULTS
The experiment was performed at the Fragment Separator (FRS) [22] of GSI (Darmstadt). The [33] [34] [35] [36] Al beams have been produced in flight via projectile fragmentation of a 48 Ca beam at 1 GeV/u interacting with a Be target (6.35 g/cm 2 ) placed at the entrance of the separator. The one-neutron removal reaction data have been extracted from two different FRS settings optimized for the 34 Al and 33 Mg beams. A rate of about 100 ions/s was obtained for the heaviest studied Al isotope (i.e., 36 Al), at a primary beam intensity of about 10 9 ions/spill.
The experimental setup was the same as described in Ref. [23] . The magnetic rigidity of the separator was set to accept and transmit the ions of interest. The fragment beams were separated and identified up to the midfocal plane F2 where a C reaction target (4.05 g/cm 2 ) was located. Particle identification was achieved by using precise tracking detectors (time projection chamber) set in front of and behind the target, as well as at the final focus F4, together with the other standard FRS detectors; multisampling ion chambers (MUSIC) and plastic scintillators, used for the energy-loss and time-of-flight measurements, respectively. Their combined information allows ion identification event by event as well as the measurement of the ion momenta at F4. The particle identification plot at the target position for the 34 Al setting is shown in the top panel of Fig. 1 . In the bottom panel of Fig. 1 , the identified fragments arriving at F4 and produced after the reaction of 34 Al beams in the C target are plotted. Charge and mass resolutions around 0.1e and 0.3 amu were achieved, respectively.
Due to the high-resolution achromatic mode of the FRS, precise momentum measurements ( p/p ≈ 1.5 × 10 −4 ) of the produced fragments have been obtained independently of the large momentum spread due to the reactions in the Be target. The momentum of the particle with charge state q behind the F2 target has been obtained by measuring its position at x F 2 and x F 4 according to the following equation: 34 Al events gated at F2.
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where Bρ is the magnetic rigidity of the second half of the FRS (F2-F4) and D F2-F4 is the corresponding dispersion. The coefficient C includes the optical magnification and corrects for the additional momentum spread due to the presence of matter at F1 and F2. This term has been estimated from the correlation between the two focal plane positions x F4 and x F2 . The longitudinal momentum distribution in the projectile rest frame is given by the Lorentz transformation
with β equal to the velocity of the primary fragments, γ being the corresponding Lorentz factor, E = √ p 2 lab + m 2 being the energy of the residual fragment, and m being its mass.
Due to the high energy of the incoming beams the fragments are scattered to very forward angles (a few mrad) with velocities near that of the corresponding projectile. The detection efficiency for all reaction settings was almost equal to unity. Uncertainty in the cross-section measurements is caused by the background contribution coming from interactions with material in the path of the beam, such as detectors, air, vacuum windows, etc. This was accounted for by background measurements made without the reaction target. For each setting, the background contribution was measured by transmitting the (A − 1) fragments to F4 without the reaction target at F2. The number of background counts was normalized to the number of incoming fragments at the F2 target and then subtracted from the number of residual fragments detected at F4 with the reaction target inserted. The background measured was about 20%. A comparison of longitudinal momentum distributions measured with and without the target is shown in Fig. 2 for 33 Al. The noninteracting settings were also used as resolution measurements for obtaining the spectrometer function for later convolution with the theoretical distributions. The momentum distribution in the center-of-mass system for the one-neutron removal reaction in 36 Al is shown in Fig. 3 as full points and compared with the resolution (empty points) and the acceptance (dashed lines) of the setup.
FIG. 2. Measured
32 Al momentum distribution with (full points) and without (empty points) the C target. The error bars represent statistical contributions. Both data sets are normalized to the same number of incoming 33 Al ions. 35 Al momentum distribution (full points) and the noninteracting 36 Al beam (empty points) with target. The error bars include statistical contributions. The momentum resolution at F4 is normalized to the maximum. The dashed lines represent the full momentum acceptance.
FIG. 3. Measured
To obtain a proper value for the one-neutron removal cross section we have also corrected the number of the incoming projectiles measured in front of the reaction target and the number of the detected residual fragments at F4 for losses. Losses in the detector material and air, transmission losses between F2 and F4, and detection efficiency have been taken into account to obtain the correct number of fragments coming out of the F2 target. The absorption in the C target, both for the numbers of incoming projectiles A and fragments (A − 1), has been estimated (about 13%) and taken into account.
The transmission losses between F2 and F4 were estimated with the MOCADI code [24] for each setting. A constant transmission throughout the setup has been achieved by restriction of the phase space of the incoming fragments. Further phase-space restrictions did not change the calculated cross sections within the statistical uncertainties. A systematic error comes from the uncertainty of the total transmission (below 4%). Another systematic error is due to thickness uncertainty of the reaction target (about 1%). The measured one-neutron removal cross sections σ −1n of 33, 34, 35, 36 Al with their total errors are listed in Table I .
Since the measured momentum distributions of the residues do not have a Gaussian shape, to evaluate their full width at half maximum (FWHM) we fit the measured data with the following function:
where p 1 to p 5 are fit parameters. The fit FWHMs corrected for the spectrometer function by subtracting the squared values are given in Table I. 044312-3 In the last column of Table I the previous cross-section measurements found in the literature are also listed. Our cross sections agree with the values given in Ref. [25] for 34, 35 Al and have smaller uncertainties.
III. MOMENTUM DISTRIBUTION ANALYSIS
Before to going into the details of the analysis of the experimental data we point to an important difference between the odd-and even-mass Al isotopes. The odd-mass isotopes can be well understood in terms of a proton single-particle state coupled to a Mg core of mass number A − 1. The even-mass Al isotopes, however, are described more appropriately as a proton-particle neutron-hole configuration with respect to a Mg core of the same mass number A. In the first case, neutron removal reactions will preferentially test the neutron single-particle shell structure. Removal from the core excited components of the ground-state wave function may occur, leaving the residual nucleus in a core excited state. However, such a process will contribute only significantly to the cross section if the core excited configuration carries large fraction of the spectroscopic strength. In the second case, when A is an even number, the situation is such that the unpaired proton and neutron will interact through the isovector particle-hole interaction leading to Landau damping and random-phaseapproximation-type (RPA-type) particle-hole correlations. Thus, removal reactions on odd-mass and even-mass Al isotopes will test different aspects of nuclear dynamics. In the data analysis we have taken care of those differences.
To perform the momentum analysis of our one-neutron removal momentum distributions we make use of the eikonal approximation, well suitable at relativistic energies. The MOMDIS code [26] has been adopted to calculate the theoretical momentum distributions. The wave functions of the bound states have been calculated in a Woods-Saxon potential with reduced radius parameter r 0 = 1.25 fm and diffuseness a = 0.7 fm. No spin-orbit term has been considered. The depth of the well was obtained by reproducing experimental one-neutron separation energies. In the S-matrix calculations, the target density distribution has been calculated in a modified harmonic oscillator potential to reproduce the radius R = 2.31 fm of the 12 C nucleus [27] . For the core densities twoparameter Fermi functions have been used, reproducing the radius values extrapolated from Na and Mg interaction-crosssection data [28] .
We calculate the single-particle cross section σ sp as the sum of two contributions; for example, σ sp stri + σ sp diff , according to Ref. [29] . The Coulomb breakup contribution was assumed to be small owing to the light target. The cross sections are calculated in terms of S-matrices of the core-target and nucleon-target system, expressed as functions of the impact parameters, and the nucleon-core relative motion wave function, calculated by solving the Schrödinger equation for bound states. Comparing the measured longitudinal momentum distribution of the residual fragment with the theoretical one, we deduce information on the orbital angular momentum of the knocked-out neutron and thus on the single-particle ground state of the studied nuclei.
The inclusive momentum distributions and cross sections have been analyzed with the condition that the final states reached in the residual fragments are below the one-neutron separation energy. The experimental energies of the core states with their spins and parities have been considered. Whenever they are not well known, different choices, mentioned in the text, have been used. Since our data include both core emitted in the ground or excited state, we have calculated the momentum distributions for different l components, where l is the orbital angular momentum of the removed neutron. We approximate the wave function of the broken-up system as the wave functions of residual fragment (or core) and nucleon. For the Al nucleus of mass number A the one-neutron removal cross section can be written as the sum of the single-particle cross sections σ sp [ψ nlj ⊗ Al(I 
Each coefficient S l of Eq. (4) is related to the l neutron occupation probability in the nucleus and can be compared to the spectroscopic factors calculated by shell model calculations. For 33 Al, the shell model calculations in the sd space using the USDB interaction has been used [30] . For N = 21, 22 we have used the results of shell model calculations performed in the sdpf space found in Refs. [10, 12] . Due to the lack of spectroscopic, theoretical, and experimental information on 36 Al, it was not possible to compare the data with any theoretical predictions.
Before the comparison with the data, each theoretical momentum distribution was convoluted with the instrumental response. The coefficients S l are found from a best-fit χ -square minimization to the data. − resonance is found at only 40 keV above threshold. Thus, from the HFB level structure, we expect that the removal cross section is determined by sd-shell contribution with a preference of d 3/2 removal. However, if interactions beyond mean field are present, the picture will change. In particular, the 3/2 − response might be lowered into the bound-state region by core polarization or NN correlations of another type.
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The spin and parity of the ground state is assumed to be I π = 5/2 + due to the unpaired proton. The known core excited states are taken from Ref. [13] . All allowed core-neutron configurations having a neutron with orbital angular momentum l = 0 to 3 compatible with experimental results are listed in Table II . The corresponding single-particle cross sections, calculated for spectroscopic factor equal to one are listed in the same Table II . The theoretical wave function configurations having a neutron with orbital angular momentum l = 0, 2, obtained using the calculated USDB single-particle energies, and the associated cross sections are also shown for comparison. Some discrepancies between the theoretical and experimental energy spectra of 32 Al are present at low excitation energy, similar to those pointed out in Ref. [32] . The theoretical spectroscopic factors for the 2s 1 Fig. 4 the measured experimental momentum distribution of 32 Al fragments is represented by the points. The attempt to reproduce the momentum distribution data assuming the USDB single-particle energies and spectroscopic factors is shown in Fig. 4 . The USDB momentum distributions calculated assuming l = 0, 2 are indicated with s and d, respectively. Their sum plotted as a full line clearly overestimates the data distribution. The second attempt in describing the data consists in selecting the momentum distribution assuming l = 0, 2 calculated for the lowest experimental energy of the core. They are plotted for a spectroscopic factor equal to one in Fig. 5 . The coefficients extracted by fitting the data are S 0 = 0.93 ± 0.13 and S 2 = 1.73 ± 0.15. Systematic uncertainties are included in the errors. The result of the fit is plotted as a full line in Fig. 5 . Changes of the momentum distribution calculated for l = 2 and 2 + and 4 + core state contributions are within the errors (see Table II ). The s-and d-wave occupation probabilities are about 30% and 50% lower than predicted, respectively. On the other hand, we observe that S 0 increases up to 1.09 ± 0.12 when the distribution obtained for the core state 1
+ at E = 3.201 MeV is considered. In this case, the s-wave occupation probability still differs by at least 14% from that predicted. The curve fit is represented by the dashed line of Table II . In order to assume the neutron knocked out from a p or f wave, we have to include a contribution from the negative-parity excited states of 32 Al (e.g., from the upper pf shell). A state at E = 1.178 MeV was identified in a β-decay measurements of 32 Mg and is indicated as a 4 − state [13] . The calculated momentum distributions for l = 1, 3 at this core energy are plotted in Fig. 6 and indicated by p and f , respectively, for a spectroscopic factor equal to unity. A fit to the data including all angular orbital terms gives S 1 = 0 and S 3 = 0.20 ± 0.18, leaving the s and d contributions almost unchanged. The result of this fit is plotted in Fig. 6 as a full line. An upper limit of 12% has been estimated for the f contribution to the cross section (see Table II ). As a consequence the data exclude the presence of intruder states, unless the s contribution is suppressed.
In order to appreciate a non-negligible presence of intruder configurations in the 33 Al wave function we would need to fix S 0 = 0 in Eq. (4) . For completeness, we show the results in describing the 32 Al momentum distribution under this strong assumption. The new fit to the data is plotted in Fig. 6 as a dotted line. The fit l = 1 coefficient provides the upper limit for the p-wave component (see Table II ). Under the hypothesis of a negligible s-wave occupation probability in the 33 Al wave function, our momentum distribution data would be compatible with the presence of at least 60% intruder states, in agreement with the experimental knowledge on the g factor and quadrupole moment measurements [11, 16] . This possibility meets a scenario where the N = 20 shell closure is broken. Since the data can be well described with only l = 0, 2 contributions and no full sdpf calculations are at the moment available for a comparison, we do not fully discard an s-wave component in the 33 Al single-particle wave function.
B. 34 Al results
In 34 Al at least one valence neutron occupies the pf shell. The spin and parity of the ground state are assigned as I π = 4 − [12, [34] [35] [36] . The neutron separation energy is S n = 2.47 MeV [31] . The excitation energies of the core were taken from Ref. [12] . Monte Carlo shell model calculations predict the low-lying 33 Al states as intruder states (2p-2h) [10, 11] . An additional 33 Al state was observed in an inelastic scattering experiment [14] at 730 keV, very close to the predicted one, and interpreted thus as a 2p-2h state of the same spin and parity as the ground state. All possible core-neutron configurations having a neutron with orbital angular momentum l = 0 to 3 and compatible with experimental results are listed in Table II , together with the corresponding calculated single-particle cross sections.
In Fig. 7 the measured experimental momentum distribution of 33 Al fragments is represented by full points. The theoretical momentum distributions calculated for l = 0 to 3 are indicated as s, p, d, and f, respectively, for a spectroscopic factor equal to unity. They have been calculated taking into account the experimentally determined energies of the low-lying core states. No change in the experimental width of the momentum distribution after crossing N = 20 is found compared to the 33 Al data (see Table I ). Nevertheless, fitting the distribution with 4 different l components implies some 2p 3/2 occupation probability. The reason is due to the different neutron separation energies and the different cross-sections values of the p components calculated in the two nuclei. The l = 1 fit value is S 1 = 0.97
−0.45 , where the asymmetric errors take into account the configurations with the 33 Al excited states. The p contribution to the cross section in 34 Al varies between 24% and 62% (see Table II ). A contribution to the cross section comes also from the d-wave component, with S 2 = 1.40
−0.58 , while the coefficients S 0 and S 3 obtained by fitting are about zero. The result of the fit is plotted in Fig. 7 as a full line. Assuming a higher excitation energy of the core does not change the result of the fit because it leads to slightly higher s contribution. In this case the upper limit of the f contribution to the cross section is less than 14% (see Table II ). 33 Al momentum distribution: experimental data are shown as full points; error bars include statistical and systematic contributions. The curves labeled s, p, d, f are the momentum distributions calculated assuming l = 0, 1, 2, 3 orbital angular momentum, respectively, for a spectroscopic factor equal to one. The full line represents the result of the fit including all four l contributions.
FIG. 7. (Color online)
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A large spectroscopic strength of the 2p 3/2 orbital was observed in the 33 Mg nucleus, where lowering of the 2p 3/2 orbital was needed to reproduce the measured 32 Mg momentum distribution [17] . This may be the reason that a relatively narrow momentum distribution was measured. Thus, the data do not exclude the presence of a 2p 3/2 level much closer to the 1d 5/2 than in 33 Al. Under the assumption of a negligible presence of the f contribution to the momentum distribution, we can make a more quantitative discussion about the l = 0 coefficient. For S 3 = 0, the d and p fit contributions remain unchanged, while the s-wave contribution to the cross section increases up to a maximum value of 48% (see Table II ).
At least 50% of intruder configurations were supposed mixed in the ground state of 34 Al according to Ref. [12] . Our result on the 2p 3/2 neutron occupancy in the 34 Al ground state and interpretation are in favor of this assumption. Lowering of the energy of the 2p 3/2 orbital, as suggested in order to reproduce the measured g factor [12] , is thus supported by the measured momentum distribution.
C. 35 Al results
In 35 Al at least two valence neutrons occupy the pf shell. The spin and parity of the ground state is assumed I π = 5/2 + , due to the unpaired proton (as for 33 Al). The neutron separation energy is S n = 5.27 MeV [31] . Our HFB calculations confirm these expectations. However, they show that the sd shell closure is partially dissolved, resulting in a slight increase of the pf shell occupancy by about 9%. Interestingly, without paring, the 2p 3/2 orbital is barely bound by only 45 keV. Pairing increases the binding energy to about 5.26 MeV, in almost perfect agreement with the empirical value. Hence, we find an enhancement of valence paring in this nucleus. The 2p 1/2 level, however, is not yet bound; that is, the neutron separation energy threshold is located in between the 2p-shell spin-orbit partners. Analyzing the calculated continuum HFB level density, one finds a significant amount of s-wave strength only at 2.87 MeV, which is much too far from the threshold for being mixed by p-and f -wave partial contributions. Hence, from HFB calculations we expect that the removal cross section is given mainly by pf -wave contributions.
We consider the proton to be a spectator, not contributing to the dynamics of the 35 Al valence sector. However, no experimental γ transitions associated with positive-parity states have been identified below 1 MeV excitation energy in 34 Al [12] . In order to include possible positive-parity states we have considered predictions from shell model calculations performed in the pf space [12] . Concerning their spin and parity assignment, we have taken into account the results of the SDPF-M calculation shown in Fig. 4 of Ref. [12] . In our calculations we fixed a level at 200 keV with I π = 1 + and the one at 800 keV with I π = 2 + . These two states can contribute to the final configurations with l = 0 and l = 2, as listed in Table II . Among the possible configurations with negative parity states of the core we have included the state identified at about 650 keV in an experiment of Coulomb excitation of 34 Al [33] . This state is considered to be a good candidate for a highly mixed normal intruder state with I π = 4 − . The 34 Al momentum distribution: experimental data are shown as full points; error bars include statistical and systematic contributions. The curves labeled s, p, d, f are the momentum distributions calculated assuming l = 0, 1, 2, 3 orbital angular momentum, respectively, and a spectroscopic factor equal to one. The full line represents the result of the fit including all four l contributions.
single-particle cross sections have been calculated and listed in Table II for all these core-neutron configurations.
In Fig. 8 the measured momentum distribution of 34 Al fragments is represented by the full points. The theoretical momentum distributions calculated for l = 0 to 3 are shown as s, p, d, and f, respectively, for spectroscopic factors equal to one. They have been calculated for the lowest experimental energy of the core. Similarly to the previous Al systems, only s-or p-wave contributions cannot give a good description of the data. Fitting the data with all four l terms of Eq. (4), we obtain that none of the four terms are negligible, making the data interpretation more difficult. The result of the fit is shown in Fig. 8 as a full line. Different energies of the core do not make a significant change in the values of the fit coefficients. The measured probabilities to remove one neutron from the 2s 1/2 and 2p 3/2 orbitals are affected by large errors. We notice that the experimental distribution is less symmetric than in the other studied cases. The reason is mainly due to the presence of larger statistical fluctuations in the background contribution. This is the explanation of large errors of the fit parameters. Beside the restrictions we can provide the upper limit for the l = 0 and l = 1 contributions. As a consequence the coefficients obtained by fitting and taking into account different core energies are S 0 = 0.89 Table II together with the corresponding cross sections. The upper limit of the s-wave contribution to the cross section is 25%. The d and f components contribute about 16% and 27%, respectively. On the other hand, the lack of experimental and theoretical knowledge about the studied nucleus prevents a clearer interpretations of its shell structure. We notice that the l = 3 occupancy is higher than in the 34 Al results. The occupation probability for the 2p 3/2 level becomes significantly higher if we fix S 0 = 0. Under the assumption of negligible s-wave contribution, the neutron would be mostly removed from the p orbital, with un upper limit of about 31% of the total cross section.
IV. OCCUPATION PROBABILITY RESULTS
The results of the momentum distribution analysis in terms of different orbital angular momenta provide information on the evolution of the single particle occupancy in the ground state of the 33, 34, 35 Al. In Fig. 9 , the values of the coefficients S l coming from the fit momentum distributions listed in Table II are plotted as a function of the neutron number (N = 20 -22) . At N = 20 the USDB shell model scenario predicts the ground-state wave function of the 33 Al interpreted without the presence of intruder states. Our experimental results at N = 20 do not confirm the USDB shell model prediction. The measured 2s 1/2 neutron occupancy in the 33 Al wave function is 20% to 40% lower than the predicted USDB value. The uncertainty about the core state selection excludes an agreement better than 14%. The predicted and measured 1d 3/2 neutron occupancy differ by a factor two. The present conclusions are quite different from the one drawn in Ref. [37] for the N = 16 subshell closure. There, it was found that in 23 O (S n = 2.74 MeV), a system which is dominated by a configuration with a l = 0 valence neutron, a corresponding analysis confirmed the s-wave strength predicted by the USDB shell model. A limitation in the interpretation of the 33 Al inclusive data within a sd shell model is clearly found.
We have performed a momentum analysis including l = 1 strength in the Al ground-state wave functions. The single particle 2p 3/2 occupancy in Al isotopes is non-negligible at N = 21. At N = 22, the uncertainty associated to with the S 1 coefficient does not allow to establish this occupancy. The large uncertainty on the S 0 coefficients also prevents definitive conclusions on s removal probability. Instead, we observe a well-established trend for the d and f neutron occupancies. A gradual decrease of the 1d 3/2 strength is found from N = 20 to N = 22. Correspondingly an increase of the 1f 7/2 occupancy is found, as expected. This is reflected also in the wider momentum distribution at N = 22 compared to N = 20. In 33 Al, the occupancy of the p orbital increases strongly only if the probability to remove a neutron from the s orbital is negligible. On the contrary, the neutron removal probability from the l = 1 orbital is definitely non-negligible in 34 Al. Qualitatively, this effect would reflect a decrease of the energy gap between the 2p 3/2 and 1d 3/2 levels at N = 20. This scenario was also supported in a description of 33 Mg momentum distribution data [17] . However, similar effects could also be obtained by a splitting of the spectroscopic strength into a fragmented multicomponent spectral distribution having components shifted to lower energies. The observation of such a spectral distribution would be an indication for the suppression of mean-field dynamics and the onset of correlation dynamics. In shell model language, such states would be called intruder states. Core polarization may even lower fractional spectral strength from the next higher major shell into the region under investigation. Although calculations for the mass region under scrutiny are not available, results on other stable and neutron-rich nuclei [38] [39] [40] [41] indicate that the coupling of single-particle states to collective multiparticlehole configurations will increase with neutron excess. The sd and sdpf shell model may underestimate such collective couplings because of their necessarily limited configuration spaces.
V. SUMMARY
The longitudinal momentum distributions and the oneneutron removal cross sections of [33] [34] [35] [36] Al at about 900 MeV/u have been measured. A momentum analysis in terms of orbital angular momenta was performed within the eikonal approach. A strong limitation in the interpretation of the 33 Al inclusive data within an sd shell model is found. The 32 Al momentum distribution analysis has shown that the measured 2s 1/2 strength is overestimated by the USDB shell model calculation. The contribution of the intruder configurations seems to be not as large as the SDPF-M shell model predicts, except if the decrease of the 2p 3/2 level energy is associated with a negligible probability that a neutron is knocked out from the 2s 1/2 orbital, similarly to 33 Mg [17] . On the other hand, the relatively high neutron separation energies of the Al isotopes allow transitions to many bound final levels and a large part of the one-neutron removal cross section leads to excited states of the residues.
From the systematics no large effects are visible in the crosssection values as the neutron number increases. The measured cross-section values follow the typical trend due to odd-even effects. An higher value is observed at N = 23 compared to N = 21. The widths in 33 Al and 34 Al are comparable but narrower than in 35 Al. For N = 21, 22, the single particle 2p 3/2 and 1f 7/2 neutron occupancies show an increase, as expected. Correspondingly, the 1d 3/2 strength decreases. In particular, 34 Al results support a non-negligible probability to remove a neutron from the p orbital. This probability corresponds to an upper limit of 62% of the total cross section.
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Since for 36 Al no spectral information is available, we did not include the N = 23 isotope into the analysis of the momentum distributions.
The measurements have indicated the complexities of the spectroscopy in exotic neutron-rich nuclei. It remains a challenge to describe consistently the removal measured cross sections and longitudinal momentum distributions. The most important reasons for the limitations encountered in our analysis are related in large extent to the (incoherent) mixture of various states in the recorded cross sections. Without a high γ -energy resolution tagging allowing to separate removal from the ground and excited states, a detailed and dependable analysis of the future data beyond the level reached here is probably hard to achieve. Despite these constraints we have added new information on the shell structure around N = 20.
